We have performed molecular dynamics simulations on the human prion protein to study the effect of point mutations in relation to the inherited form of Creutzfeldt-Jakob disease. Three model structures of the human prion protein are examined with a focus on their dynamics and conformational changes. Model 1 is an NMR structure of the globular domain (125-228) of a wild-type prion. The model consists of three a-helices and an anti-parallel b-sheet. Models 2 and 3 are mutant structures containing a Glu200àAsp and a Glu200àLys substitution, respectively. These models are derived from NMR structures. The Glu200àLys mutation in model 3 is a disease-related amino acid exchange. The results of about 2-million time step calculations have shown that the globular domains of models 1 and 2 are stable, whereas, for model 3, we observe a partial unfolding and reorganization of the protein structure by insertion of the disease-related mutation Glu200àLys.
Introduction
The prion diseases, such as BSE (bovine spongiform encephalopathy), CJD (Creutzfeldt-Jakob disease), and other transmissible encephalopathies (TSE) are characterized by the transformation of a wild-type prion protein (PrP C ) into a mutant, disease-related form (PrP SC ) [1] [2][3] [4] . The familial forms of prion diseases (for example, Gerstmann-Straussler-Scheinker syndrome (GSS), fatal familial insomnia (FFI), and CJD) are known to segregate with the exchange of individual amino acids or point mutations in the prion protein sequence [5] [6] . The important point is that no chemical difference between PrP C and PrP SC has been identified [7] . Nevertheless, experiments with circular dichroism and Fourier-transform infrared analyses have shown that PrP C has a low beta-sheet content (about 3 %) and is sensitive to proteases, whereas PrP SC has a high beta-sheet content (about 30 %) and is protease-resistant [8] [9] .
Most cases of the human prion diseases occur spontaneously with unknown causes. However, the familial prion diseases, such as GSS, FFI, and CJD, are related to distinct point mutations within the human gene of [35] .
The mature form of HuPrP comprises 208 residues (numbered 23-230). The C-terminal part of the polypeptide chain with residues 125-228 forms a stable, compact globular domain; whereas the N-terminal part (21-124) is unstructured in aqueous solution at pH 5 [10] [11] . The C-terminal region, containing the domain 125-228, is represented by Figures 1 and 2 . NMR experiments have recently revealed that the three-dimensional structures of the mouse prion protein (MoPrP) [11] [12] [13] , Syrian hamster prion protein (ShPrP) [10] [14] 15], bovine prion protein [16] , and human prion protein (HuPrP) [17] are similar, and all correspond to PrP C . These structures have indicated that the C-terminal (with residues 125-228) forms a globular domain, consisting of three a-helices and a short anti-parallel b-sheet, whereas the N-terminal is flexibly disordered in solution. The role of the flexible N-terminal segment is not yet understood [18] . Experiments with transgenic mice, for example, suggest that the N-terminal tail specifically interacts with a ligand and may be required for signal transduction [18] [19] . It is also known that the first and shortest a-helix H1, which is connected to the flexible N-terminal via a b-strand, is hydrophilic and that other parts of the globular domain are very hydrophobic, which makes the interaction between them weak [20] [21] . Experiments with a monoclonal antibody performed by Korth et al. showed that the structures of the first a-helix H1 in PrP C and in PrP SC are different [22] . In the present study, we examine the correlations between the mutation at residue 200 and the related protein structures by using MD simulations. To elucidate some of the above experimental results, we focus on the conformational dynamics of the prion protein and analyze the effects of the Glu200àAsp and Glu200àLys point mutations in the HuPrP.
Materials and methods

Materials
It is worth noting that the wild-type prion protein has a glutamate at 200, and that the Glu200àAsp and Glu200àLys substitutions occur just before the third helix (a longer, middle helix in Figure 1 ). An aspartate molecule is an acid, as is glutamate, but the lengths of the side chains are different. In contrast, lysine plays a role as a base, and it is a cationic amino acid at pH 7. The total charges of the models are as follow: models 1 and 2 are "-3" and model 3 is "-1". The MD simulations have been performed on three model structures of the HuPrP. Model 1 is derived from the NMR structures of HuPrP (125-228) [PDB [23] code: 1QM2, [17] ]. The model includes a globular domain (Figures 1-2) , and we called model 1 a "wild-type structure." Models 2 and 3 are mutant structures containing the Glu200àAsp and Glu200àLys mutations. These two models are built from the NMR structures, by replacing the Glu200 with Asp and Lys, respectively. Glu200àLys in model 3 is a disease-related amino acid exchange, so we call this model a "mutant type structure."
Molecular dynamics simulations
We have used the program package AMBER5.0 [24] to perform the molecular mechanics potential energy minimizations and MD simulations. The all-atom force field of Cornell et al. [25] was used for all MD simulations. A system was solvated with TIP3P water molecules [26] generated within a rectangular box. The number of solvent water molecules for each system is shown in Table 1 . A periodic boundary condition was applied by controlling the pressure. The temperature was kept constant by using the Berendsen algorithm [27] with a coupling time of 0.2 ps. Only bond lengths involving hydrogen atoms are constrained by the SHAKE method [28] . The non-bonded interactions were calculated by a cutoff method. The distance of the cutoff was 14 Å. The integration time step for the MD simulations was 1 fs.
We used the same simulation procedures for all three models under consideration. Firstly, a potential energy minimization was performed on each system. Next, the MD simulations were performed on the energy-minimized states. The whole system temperatures were gradually increased by heating to 300 K for 70 ps and then kept at 300 K for the next 1.6 ns. The trajectories formed at 300 K for 1.6 ns were considered to be the most probable structures under physiological conditions and have been analyzed in detail. The resultant simulations and images of simulated prion proteins were analyzed by using the RasMol [29] and MOLMOL [30] packages.
In this study, we have followed the definition that a hydrogen bond is regarded as being effective, when the distance between the hydrogen atom of the proton donor and the proton acceptor is less than 2.4 Å. Figure 3 shows the root-mean-square deviations (RMSD) of the globular domain (125-228) for all three HuPrP models under consideration. The RMSD of the wild-type protein (model 1) was kept at around 2.5 Å for the 1.6 ns simulation, which indicates that the globular domain is stable. The RMSD of the mutant Glu200àLys protein (model 3) is gradually increased to 2.5 Å from the start of simulation and then it fluctuates in the region of 4-5 Å after about 0.8 ns. Thus, in the mutant Glu200àLys protein, the essential conformational changes seem to occur after 0.8 ns, when the RMSD is considerably increased. With regard to model 2 (Glu200àAsp substitution), the RMSD possesses a nontrivial behavior: it increases up to the value of 5 Å at the start of simulation and then it decreases to 2.5 Å after the point of 0.6 ns. 
Results
RMSD
MD simulation structures
The final structural images of the MD-simulations for the three models are shown in Figure 4 . This figure indicates that the globular domain of the wild-type prion is stably maintained throughout the whole simulation period. For the mutant Glu200àLys protein (model 3) we observe a partially structural rearrangement: the third (longest) a-helix H3 is destroyed at residue 219. H3 is reorganized to interact with a strand between H1 and S1. The comparison of models 1 and 3 clearly shows that the a-helix H1 for model 3 approaches very close to H3. In addition, H3 interacts with the strand between H1 and S1 by forming a new hydrogen bond. Thus, the interaction between H1 and H3 seems to result in the protein's structural rearrangement (see Figure 4 , left and right).
The middle picture in Figure 4 shows the final configuration for model 2 (mutant Glu200àAsp prion). The initial structural changes in model 2 look almost the same as those in model 3. We have compared the MD-simulation structures of models 2 and 3 at 0.6 ns (the data are not shown). The longest a-helix H3 begins to bend at residue point 219, in the same way as in model 3. The structure will not collapse completely, however; as seen from Figure 4 (middle), the protein will be properly refolded. 
Hydrogen bond network maps
In this section, we investigate formation of the hydrogen bond network in the mutant Glu200àLys prion in detail. The results of previous sections indicate that structural conformations in the prion protein seem to be strongly attributed on the Glu200àLys amino acid replacement. We have divided the whole protein's structure into three regions (numbered 1, 2, and 3 in Figures 5-to  7) , to better understand hydrogen bond formation. In the initial state ( Figure 5 ), we have found just one hydrogen bond at around the mutation point Lys200, which exists between residues Thr199 and Asp202 (see region 3), and two hydrogen bonds, involving residues Ala133 and Arg220 (region 2). With regard to the final state (Figures 6 and 7) , we found several new hydrogen bonds, which are formed in response to the Glu200àLys substitution. In region 1, the new hydrogen bonds are formed between Asp202 and Tyr149 (Asp202-Tyr149) and between Arg208 and Glu146 (Arg208-Glu146). The latter contains two hydrogen bonds. In region 2, we have found a new hydrogen bond within Ser132-Arg220, the side chains of which are exposed to solvent. Two hydrogen bonds involving Ala133-Arg220, which are observed in the initial state, are now transformed into a single bond. In region 3, there are no essential changes between the initial and final states. It is worth noting that there are also no new hydrogen bonds, that might involve the mutation at 200 directly. The residue at 200 is the first in the a-helix H3, and it doesn't form any interaction with the other parts of the protein. In contrast, the presence of the Lys200 (instead of the Glu200) essentially changes the total hydrogen bond network and causes a partially unfolded conformation. 
Discussion
In our current work, we have performed MD simulations on human prion proteins to study the effect on the structural conformations of the individual amino acid substitutions at the residue point 200. We examined three prion models, the wild type (model 1) and two mutant structures (model 2: Glu200àAsp; and model 3: Glu200àLys). The Glu200àLys mutation is found in a well-known type of genetic CJD, while the Glu200àAsp has been identified as being related to CJD. Our simulation results reveal that models 1 and 2 maintain the native protein structure, whereas model 3 partially unfolds. These findings have been proven on the basis of the RMSD, the hydrogen bond network, and other simulation data. Firstly, the RMSD of models 1 and 2 shows that it remains constant at around the value of 2.5 Å. This indicates that the globular domains are reasonably stable over a long simulation time [33] [34] . The RMSD in model 3 gradually increases up to the value of 4-5 Å at 0.8 ns from the start of simulation. Secondly, the prion protein's structural images in all three models have been analyzed and compared. In model 3, the prion structure partially unfolds at the middle of the third a-helix H3. The H3 rearranges to interact with the strand between H1 and S1. Thirdly, for the mutant Glu200àLys prion, we observed a new hydrogen bond network (within the Asp202-Tyr149, Arg208-Glu146, and Ser132-Arg220 regions).
Recently some experimental data on the Glu200àLys mutation have been reported. Swietnicki et al. [36] studied the thermodynamic stability of the human prion protein, and suggested that the E200K mutation (Glu200àLys) induces very little destabilization of the prion structure. Zhang et al. [37] have determined the structure of the CJD-related E200K variant in solution by multi-dimensional NMR spectroscopy. Their opinion is that the backbone structures of the wildtype and E200K prion are not so different. The E200K mutation causes just a different surface electrostatic potential and a loss of the salt-bridge interaction (which is observed in the wild-type structure). This disappearance of the salt-bridge interaction is in good agreement with our simulation (see Figures 5 to -7) . In our opinion, the partially unfolded structure appearing in model 3 could be one of the local energy-minimum states and/or an intermediate in the conversion mechanism from PrP C to PrP SC . Our simulation results also are in good agreement with some experimental data regarding the mobility of the a-helix H1 [20] [21] [22] . In addition to these results, our other interest was that the Glu200àAsp prion behaves in a similar manner as does model 1, even though the length of its side chain is shorter than that of the wild-type protein. From the simulation data on these three prion models, we conclude that residue 200 could maintain the balance of the relative positions among the three a-helices, by simultaneously interacting with the solvent and the solute. Namely, the aspartate amino acid can act as a substitute for the glutamate, but the lysine substitute might not work properly to keep such a relative balance. Thus, the presence of the lysine at the mutation point brings conformational instability and partial unfolding. In summary, the prion structure has to be very sensitive with respect to the type of the amino acid replacement at the residue point 200.
